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The response of a neuron in the visual cortex to an
oriented light bar is strongly reduced by concurrent
presentation of a stimulus with a different orientation.
New data suggest this ‘cross-orientation suppres-
sion’ is caused, not by intracortical inhibition, but by
rapid depression of thalamocortical synapses.
The images of the world are decomposed by our
retinae and transmitted to the brain as neuronal spike
trains. At each successive stage in the visual pathway,
neurons display progressively more complex response
properties and interactions, ultimately leading to the
reconstruction of elaborate visual features in higher
areas of the visual cortex. One such response prop-
erty, which already emerges in primary visual cortex
(V1), is orientation selectivity: a nerve cell in V1 fires
vigorously when stimulated with a light bar of a certain
orientation, but it fails to do so when presented with
the same bar rotated by 90°. It is thought that the initial
orientation bias is created by the spatial arrange-ment
of non-oriented thalamic inputs from the lateral genic-
ulate nucleus (LGN) onto neurons in V1 [1]. In addition,
local cortical circuitry may act to sharpen and fine tune
the orientation-selective responses of V1 cells [2].
Since the discovery of orientation selectivity, millions
of neurons in V1 have been recorded from, and re-
searchers have learned that many of these cells are
even pickier when it comes to the finer details of visual
stimuli. For example, when a light bar activating a cell
is increased in length so that it extends over the
boundaries of the cell’s receptive field center — the
region of the visual field that evokes responses in a
cell — many cells decrease their firing rate, a property
known as ‘end-inhibition’ [3,4]. Similarly, some cells
fire less when additional bars are placed alongside 
its receptive field [5]. These are just two prominent
examples of a general phenomenon that is commonly
referred to as ‘surround inhibition’.
There is yet another type of suppressive effect in V1
which originates from within a cell’s receptive field.
The response to an optimally oriented bar or grating
— the ‘test stimulus’ — is strongly decreased by the
simultaneous presentation of a second, orthogonally
oriented grating — the ‘mask stimulus’ — superim-
posed on the first (Figure 1) [6,7]. This effect is termed
‘cross-orientation suppression’ and has been impli-
cated, among other things, in sharpening orientation
selectivity of cortical cells. Importantly, however, the
suppressive action can be induced not only by mask
gratings of the orthogonal orientation, but by gratings
of any orientation [8].
The general assumption has always been that these
suppressive effects are mediated by inhibitory circuits
residing within the cortex. While this has been shown
for end-inhibition [9], direct evidence for intracortical
inhibition playing a role in cross-orientation suppres-
sion is scarce [10]. One reason for the difficulty in
proving the involvement of inhibition is that many of
these studies have been carried out with pharma-
cological blockade of intracortical inhibitory transmis-
sion. The effects of such a treatment, however, have
to be interpreted with care, as unwanted changes in
the response behavior of cortical cells can occur.
An elegant set of experiments by Matteo Carandini
and his group [11,12] now casts doubt on the intracor-
tical origin of cross-orientation suppression. Acknowl-
edging that studies based on pharmacological inter-
vention may produce ambiguous results, Freeman et al.
[11] resorted to a cunning experimental design, relying
exclusively on visual stimuli to elucidate the site and
mechanism of cross-orientation suppression. In the first
experiment they showed that suppression occurs even
with mask stimuli that drift too fast to elicit firing of cells
in the visual cortex (Figure 2A). By keeping the test
grating at a constant speed of drift and varying the
speed of the mask, strong suppression was induced by
the mask at all speeds. Interestingly, an equivalent psy-
chophysical effect has been observed in humans [12]
— mask gratings drifting too rapidly to activate the
cortex were still effective in masking the detection of a
test grating. Together, these data imply that cross-ori-
entation suppression, at least for fast mask stimuli, is
unlikely to be a result of intracortical circuits.
To further confirm this interpretation, Freeman et al.
[11] made use of a phenomenon called visual adapta-
tion, which is known to be present in V1 but virtually
absent in LGN neurons. Adapting a cortical neuron to
a grating of its preferred orientation selectively reduces
its response to that grating, leaving responses of
neurons responding to orthogonal orientations largely
unchanged. If neurons responding to a mask stimulus
— those assumed to provide cortical inhibition —
were pre-adapted, one would expect a reduction in
the degree of cross-orientation suppression. This was
not the case, as strong suppression of the test response
was still observed (Figure 2B).
Taken together, these data are important because
they render it unlikely that suppression of V1 neurons
arises from inhibition within cortical circuitry. This
leaves only earlier stages in the visual pathway, such
as the LGN or thalamocortical synapses, as candi-
dates for the generation of cross-orientation suppres-
sion. To examine this, Freeman et al. [11] recorded
from LGN neurons and found them to exhibit only a
limited degree of cross-orientation suppression that is
unlikely to be sufficiently pronounced to explain the
suppression observed in V1 neurons. Consequently,
the authors propose the thalamocortical synapse as
an additional, important site of suppression.
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A potential mechanism for suppression, then, is
synaptic depression: a rapid, use-dependent decrease
in synaptic efficacy. In fact, short-term depression at
thalamocortical synapses has been observed both in
vitro and in vivo [13,14]. In particular, a recent intracel-
lular study in rat somatosensory cortex has demon-
strated convincingly that thalamocortical synapses
depress very rapidly, within a tenth of a second [15].
But how can depression at thalamocortical synapses
lead to cross-orientation suppression? Assume a V1
neuron receives inputs from several LGN neurons.
Because of the spatial arrangement of the receptive
fields of the inputs, the cortical cell acquires a prefer-
ence for stimuli of a particular orientation [1]. Such a
neuron is driven by the optimally oriented test stimu-
lus, but not by the orthogonally oriented mask, despite
receiving synaptic input from non-oriented LGN cells
that respond to both stimuli. But because depression
occurs at all synapses, irrespective of stimulus orien-
tation, concurrent presentation of test and mask stimuli
leads to more synaptic depression than for either stim-
ulus alone. This combined depression would result in
reduction of the response in the V1 cell.
This concept is indeed very attractive, but it clearly
requires further experimental support. First, it needs
to be shown that depression is a consistent feature of
thalamocortical synapses in the visual cortex, too.
This has been shown in slice studies [13], but a thor-
ough in vivo analysis is lacking. To test whether sup-
pression is actually based on synaptic depression,
one could analyze the time course of suppression.
While the onset of synaptic depression is probably too
fast to be resolved, recovery from synaptic depression
is slower, at least after strong activation of inputs [15].
Thus, one should expect that even several seconds
after presentation of a mask grating that does not
drive the neuron, its responses to test gratings are
decreased. If this were indeed the case, intracortical
inhibition would be convincingly excluded as a poten-
tial mechanism, as the time constants of inhibitory
synaptic potentials are much faster.
The synaptic origin of suppression could be examined
by exploiting the fact that depression is input specific
— that is, depression occurs only at those synapses
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Figure 2. Experimental evidence against intracortical origin of
cross-orientation suppression.
(A) The response of a cat V1 neuron to a preferred stimulus
(test) increases with the contrast of the grating (black curve),
reaching saturation at higher contrasts. When an orthogonally
oriented mask stimulus of high contrast is superimposed on the
test grating, the response at a given test contrast is reduced
and the response curve shifts to the right. These suppressive
effects are exerted by masks drifting at very different speeds
(colored curves). Even mask stimuli that are too fast to elicit
significant responses in most V1 neurons are able to suppress
responses to the test stimulus (24 Hz; orange curve). However,
such rapidly moving gratings do activate LGN cells. (B) Pro-
longed presentation of a stimulus causes cortical cells to adapt
to subsequent presentations of that stimulus. Thus, cortical
neurons with a ‘preference’ for the orientation of the mask
grating reduce their firing to subsequent mask stimuli (data not
shown). However, both adapted and non-adapted mask stimuli
were equally effective at suppressing the response of a neuron
to the test stimulus (pink and magenta curves). These results
imply that cross-orientation suppression is unlikely to be medi-
ated by cortical cells, but is rather due to processing at earlier
stages in the visual pathway, such as the LGN or thalamocorti-
cal synapses.
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Figure 1. The phenomenon of cross-
orientation suppression.
Neurons in the primary visual cortex (V1)
are selective for stimuli of particular orien-
tation. When presented with a drifting
grating of ‘preferred’ orientation (test), indi-
vidual neurons in V1 respond vigorously
(left). Gratings of the orthogonal orientation
(mask) elicit little or no response (middle).
When test and mask gratings are pre-
sented together, the neuron’s response is
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that have been active. Accordingly, when the test and
the orthogonal mask gratings are both placed within a
neuron’s receptive field such that they do not overlap,
the cell should not show cross-orientation suppres-
sion, because the two gratings activate two distinct
sets of inputs.
Clearly, the gold standard for a full proof of the hypo-
thesis that cross-orientation suppression is partially
due to synaptic depression would be to record intra-
cellularly from cells in the visual cortex, a rather
demanding task. But particularly when combined with
silencing of all cortical firing — for example by cooling
[16] — such an experiment would provide a definitive
test of the idea put forward by Carandini and col-
leagues [11].
References
1. Hubel, D.H. and Wiesel, T.N. (1962). Receptive fields, binocular
interaction and functional architecture in the cat’s visual cortex. J.
Physiol. 160, 106–154.
2. Sompolinsky, H. and Shapley, R. (1997). New perspectives on the
mechanisms for orientation selectivity. Curr. Opin. Neurobiol. 7,
514–522.
3. Hubel, D.H. and Wiesel, T.N. (1965). Receptive fields and functional
architecture in two non-striate visual areas (18 and 19) of the cat. J.
Neurophysiol. 28, 229–289.
4. Gilbert, C.D. (1977). Laminar differences in receptive field proper-
ties of cells in cat primary visual cortex. J. Physiol. 268, 391–421.
5. Bishop, P.O., Coombs. J.S. and Henry, G.H. (1973). Receptive fields
of simple cells in the cat striate cortex. J. Physiol. 231, 31–60.
6. Morrone, M.C., Burr, D.C. and Maffei, L. (1982). Functional implica-
tions of cross-orientation inhibition of cortical visual cells. I. Neuro-
physiological evidence. Proc. R. Soc. Lond. B Biol. Sci. 216,
335–354.
7. Bonds, A.B. (1989). Role of inhibition in the specification of orienta-
tion selectivity of cells in the cat striate cortex. Vis. Neurosci. 2,
41–55.
8. DeAngelis, G.C., Robson, J.G., Ohzawa, I. and Freeman, R.D.
(1992). Organization of suppression in receptive fields of neurons in
cat visual cortex. J. Neurophysiol. 68, 144–163.
9. Bolz, J and Gilbert, C.D. (1986). Generation of end-inhibition in the
visual cortex via interlaminar connections. Nature 320, 362–365.
10. Morrone, M.C., Burr, D.C. and Speed, H.D. (1987). Cross-orientation
inhibition in cat is GABA mediated. Exp. Brain Res. 67, 635–644.
11. Freeman, T.C.B., Durand, S., Kiper, D.C. and Carandini, M. (2002).
Suppression without inhibition in visual cortex. Neuron, 15th August
issue.
12. Meier, L. and Carandini, M. (2002). Masking by fast gratings. J.
Vision, 2, 293–301.
13. Stratford, K.J., Tarczy-Hornoch, K., Martin, K.A., Bannister, N.J. and
Jack, J.J. (1996). Excitatory synaptic inputs to spiny stellate cells in
cat visual cortex. Nature 382, 258–261.
14. Ferster, D. and Lindström, S. (1985). Augmenting responses evoked
in area 17 of the cat by intracortical axon collaterals of cortico-
geniculate cells. J. Physiol. 367, 217–232.
15. Chung, S., Li, X. and Nelson, S.B. (2002). Short-term depression at
thalamocortical synapses contributes to rapid adaptation of corti-
cal sensory responses in vivo. Neuron 34, 437–446.
16. Ferster, D., Chung, S. and Wheat, H. (1996). Orientation selectivity
of thalamic input to simple cells of cat visual cortex. Nature 380,
249–252.
